Aims/hypothesis Protein kinase C (PKC) regulates exocytosis in various secretory cells. Here we studied intracellular translocation of the PKC isoenzymes PKCα and PKCδ, and investigated how activation of PKC influences glucagon secretion in mouse and human pancreatic alpha cells. Methods Glucagon release from intact islets was measured in static incubations, and the amounts released were determined by RIA. Exocytosis was monitored as increases in membrane capacitance using the patch-clamp technique.
Introduction
Glucagon is produced by the pancreatic alpha cells and released in response to decreased blood glucose. It is the most important hyperglycaemic hormone in animals and man [1, 2] . Glucagon increases plasma glucose by promoting hepatic glycogenolysis. In type 2 diabetes, the normal balance between glucagon and insulin is disturbed [3] . Collectively, these defects culminate in increased hepatic glucose production [4] . Because of its important role in hyperglycaemia in type 2 diabetes, glucagon has become a very attractive target for diabetes research.
Glucagon secretion is regulated through paracrine, metabolic and hormonal/neuronal mechanisms [5] . The latter includes adrenaline (epinephrine) [6, 7] , glucagonlike peptide 1 [8] , somatostatin [9] and glucagon itself [10] . Like the neighbouring beta and delta cells [11] , alpha cells are electrically excitable and fire action potentials at low glucose concentrations or when glucagon secretion is stimulated by amino acids like arginine [12] . These action potentials result from the opening of voltage-gated K + , Na + and Ca 2+ channels [13] . We have previously demonstrated that glucagon secretion can be regulated by a K ATP channeldependent mechanism in rodent and human alpha cells [14] . Electrical activity is possible in a narrow window of low K ATP channel activity, resulting in partial depolarisation, which triggers opening of voltage-gated Na + and Ca 2+ channels. Increasing glucose levels have been postulated to mediate the closure of remaining active K ATP channels, thereby leading to stronger membrane depolarisation. This in turn causes voltage-dependent inactivation of the membrane conductance involved in action potential firing, culminating in inhibition of glucagon secretion and alpha cell exocytosis.
In rodent alpha cells, exocytosis is Ca 2+ -dependent [13] and basal glucagon secretion principally depends on influx through N-type Ca 2+ channels. In addition, alpha cells are equipped with L-type Ca 2+ channels, which are important for glucagon secretion occurring under conditions associated with elevation of intracellular cyclic AMP (like in the presence of adrenaline) [6] .
Glucagon secretion is also modulated by protein kinase C (PKC) [15, 16] . Genetic screening has unveiled ten distinct PKC isotype genes [17] . The PKC superfamily has been subdivided on the basis of properties: conventional/ classical PKCs (α, βI, βII and γ), novel PKCs (η, ε, δ and θ) and atypical PKCs (ι/λ and ζ). Activation of PKC by exogenous diacylglycerol [18, 19] and phorbol esters augments insulin [20] and glucagon secretion in rat [15] . Conversely, pharmacological inhibitors of PKC suppress glucose-induced insulin secretion [21, 22] . Several PKC isoenzymes have been shown to be implicated in control of exocytosis [23] [24] [25] [26] , including PKCα [27] and PKCδ [28] , but the effect of PKC on exocytosis in pancreatic alpha cells remains to be established. In rat beta cells, the activation of several PKC isoforms leads to their translocation from the cytosol to the cell membrane [29] . Conventional PKCs are activated by binding to Ca 2+ and diacylglycerol, whereas activation of novel PKCs is only sensitive to diacylglycerol [17] . This may explain why PKCα, but not PKCδ becomes translocated to the plasma membrane in beta cells in response to the glucose-induced elevation of [Ca 2+ ] i [27, 29] . Once at the plasma membrane, PKC probably acts by phosphorylating downstream target proteins. One potential PKC substrate is mammalian homologue of Unc-18 (Munc-18). In many cell types, Munc-18 is crucial for the docking and priming of secretory granules, as well as for actual fusion with the plasma membrane [30] . It has been demonstrated that Munc-18 is phosphorylated by PKC in response to phorbol ester treatment [31, 32] .
Here we studied PKC-dependent exocytosis and glucagon secretion in mouse and human alpha cells. We also investigated islet level expression of genes encoding PKC isoenzymes as well as the redistribution of the two isoenzymes, PKCα and PKCδ, in response to phorbol 12-myristate 13-acetate (PMA) and Ca 2+ influx.
Methods
Tissues and cell culture Islets from NMRI mice were isolated by collagenase digestion. All experimental procedures performed on mice were approved by the Lund-Malmö Ethics Committee. Islets were incubated in Ca
2+
-free buffer to obtain a suspension of individual cells. Two days prior to experiments, these cells were plated on plastic Petri dishes (for patch-clamp recording) or glass cover slips (for confocal microscopy) and maintained in tissue culture medium for 6 h. The culture medium consisted of RPMI 1640 supplemented with 10% (vol./vol.) fetal calf serum, 100 IU/ml penicillin and 10 μg/ml streptomycin. Human islets were from non-diabetic individuals (BMI 17.6-29.0 kg/m 2 , aged 26-73 years) and provided by the Nordic network for clinical islets transplantation (O. Korsgren, Uppsala University, Sweden). The human islets were cultured at 37°C (5% CO 2 ) for 1 to 9 days prior to the experiments in CMRL 1066 (ICN Biomedicals, Costa Mesa, CA, USA) supplemented with 10 mmol/l HEPES, 2 mmol/l L-glutamine, 50 μg/ml gentamicin, 0.25 μg/ml fungizone (Gibco, BRL, Gaithersburg, MD, USA), 20 μg/ml ciprofloxacin (Bayer Healthcare, Leverkusen, Germany) and 10 mmol/l nicotinamide. All procedures were approved by the ethical committees at Uppsala and Lund Universities.
In vitro pancreatic islet glucagon release Freshly isolated islets were pre-incubated for 30 min at 37°C in a KRB buffer (pH 7.4) consisting of (mmol/l) 120 NaCl, 25 NaHCO 3 , 4.7 KCl, 1.2 MgSO 4 , 2.5 CaCl 2 , 1.2 KH 2 PO 4 , 1 glucose, 10 HEPES at pH 7.4 and 1 mg/ml BSA. The medium was gassed with 95% O 2 and 5% CO 2 to obtain constant pH and oxygenation. Groups of twelve islets were incubated for 60 min at 37°C in 1 ml KRB buffer supplemented as indicated. PMA and bisindolylmaleimide (BIM) were purchased from Calbiochem (San Diego, CA, USA). Immediately after incubation, an aliquot of the medium was removed to determine glucagon content as previously described [14] .
Capacitance measurement Experiments were carried out on mouse alpha cells as detailed elsewhere [10] . Wholecell currents and exocytosis were recorded using an EPC-9 patch-clamp amplifier and Pulse software (version 8.50) (both Heka Electronics, Lambrecht, Germany). Mouse alpha cells were identified by their small size and Na + -current inactivation properties [13, 14] . The extracellular medium contained (mmol/l) 118 NaCl, 20 tetraethylammonium chloride, 5.6 KCl, 2.6 CaCl 2 , 1.2 MgCl 2 , 5 HEPES (pH 7.4 with NaOH) and 5 glucose. The electrophysiological measurements were conducted using the perforated patch technique and pipette solution containing (mmol/l) 76 Cs 2 SO 4 , 10 NaCl, 10 KCl, 1 MgCl 2 and 5 HEPES (pH 7.35 with CsOH), and 60 µg/ml amphotericin B. Exocytosis was monitored as changes in membrane capacitance using the software-based lock-in function of the Pulse software. Experiments were conducted at 32 to 34°C.
Relative quantitative real-time PCR Human and mouse pancreatic islets were dissolved in TRIzol (Invitrogen, Carlsbad, CA, USA) and stored at −80°C. Total islet RNA was extracted according to a modified TRIzol protocol and reverse-transcribed into cDNA using TaqMan Reverse transcription (Applied Biosystems, Foster City, CA, USA) as described elsewhere [33] . Relative quantitative real-time PCR of human and mouse PKC genes was performed using a kit and primer assays (QuantiFast SYBR Green PCR and QuantiTect; Qiagen, Venlo, the Netherlands) according to the manufacturer's instructions. The expression of genes encoding pancreatic islet PKC was calculated relative to the housekeeping gene GAPDH using the ∆∆C t method [34] .
Immunohistochemistry Mouse and human islets were dissociated into single cells, plated on glass cover slips and cultured overnight. The culture media were replaced by the same KRB buffer as in the secretion assay during 30 min of pre-incubation. The cells were then incubated for 1 h in KRB buffer (1 mmol/l glucose) supplemented with either 1 μmol/l PMA, 400 μmol/l diazoxide or 2 μmol/l isradipine (all from Sigma-Aldrich, Stockholm, Sweden). After incubation, the cells were fixed with 4% (wt/vol.) paraformaldehyde in Ca 2+ -free PBS for 1 h and permeabilised with 5% (vol./vol.) Triton X-100 overnight. Unspecific binding was blocked with 5% (vol./vol.) donkey serum (Jackson Immunoresearch Laboratories, Avondale, PA, USA) before incubating with different primary antibodies overnight. The primary antibodies were rabbit anti-PKCα (1:250; Abcam, Cambridge, UK), rabbit anti-PKCδ (1:50; Santa Cruz Biotechnology, Santa Cruz, CA, US), rabbit anti-PKCε (1:250; Abcam, Cambridge, MA, USA) and guinea pig anti-glucagon (1:500; Jackson ImmunoResearch Laboratories). After washing with PBS, the cells were exposed for 2 h to the following secondary antibodies: DyLight 488 AffiniPure Donkey Anti-rabbit IgG (1:100) and anti-guinea pig Cy 5 (1:50; both from Jackson ImmunoResearch Laboratories). The labelled cells were viewed using a confocal microscope (LSM510; Zeiss, Jena, Germany) using the 488 nm (Cy2) and 633 nm (Cy 5) lasers for excitation. Unspecific binding of the secondary antibodies was excluded by control experiments performed in the absence of the primary antibodies. The localisation of PKCα and PKCδ was quantified by the ratio between the mean fluorescent intensity in an area within 0.5 µm from the plasma membrane (I 1 ) and the cytosolic region (I 2 ), where
Here s1 is the total fluorescence intensity in the cell, s2 is fluorescence in the cytosol and nuclear area, and s3 is the fluorescence in the nuclear area; a1 is the total area of the cell, a2 is the area of cytosol and nuclear section, and a3 is the area of nucleus.
Data analysis
The increase in cell membrane capacitance was measured once a steady-state level had been attained. All data are quoted as mean values ± SEM of the indicated number of experiments (n). Statistical significances were evaluated using Student's t test or two-way ANOVA.
Results
The effect of PKC-activation and inhibition on glucagon release We measured glucagon secretion from intact mouse islets (Fig. 1a) at 1 or 8.3 mmol/l glucose with or without PMA (1 µmol/l), an artificial analogue of diacylglycerol and/or the PKC-antagonist, BIM (2.4 µmol/l). In agreement with previous studies [14, 35] , islets incubated at 8.3 mmol/l glucose secreted less glucagon than those exposed to 1 mmol/l glucose (p<0.01; n=6). Application of PMA to islets exposed to 1 mmol/l glucose enhanced glucagon secretion about fivefold (p<0.01; n=6). PMA also stimulated glucagon secretion in the presence of 8.3 mmol/l glucose, albeit to a lesser extent than at 1 mmol/l glucose. The stimulatory action of PMA was abolished in the presence of BIM, regardless of whether the islets were incubated at 1 or 8.3 mmol/l glucose. BIM alone reduced glucagon secretion from mouse islets elicited by low glucose (1 mmol/l) by about 60% (p< 0.05, n=6). Similar results were obtained in human islets (Fig. 1b) with the exception that BIM alone did not reduce glucagon secretion at 1 mmol/l glucose. Collectively, these data implicate PKC in the modulation of glucagon secretion from mouse and human alpha cells.
Treatment with PMA stimulates pancreatic alpha cell exocytosis High-resolution capacitance perforated patch measurements were applied to single mouse alpha cells to investigate the effect of PKC activation on exocytosis elicited by trains of five 500-ms depolarisations from −70 to 0 mV (Fig. 2) . PMA (10 nmol/l) augmented the exocytotic responses regardless of the magnitude of the responses under basal condition (Fig. 2a, b) . The total capacitance increase evoked by the trains averaged 40±15 fF (n=12) under control condition and 185±25 fF (p< 0.001) (Fig. 2c) 6 min after addition of PMA. Exocytosis elicited by this stimulation paradigm reflects fusion of granules belonging to the readily releasable pool (RRP) and its replenishment from a reserve pool [13] . An upper estimate of RRP can be obtained from the sum of the capacitance increase elicited by the first two depolarisations of the train [36] , whereas the response to the following three pulses was used to estimate exocytosis due to replenishment of RRP. The RRP was thus estimated to be 48±30 fF (n=12) and 113±26 fF (p<0.001) in the absence and presence of PMA, respectively. This was paralleled by a sixfold increase in membrane capacitance from 12±6 fF (n=12) to 75±14 fF (p<0.001) in the response reflecting refilling of RRP.
To rule out the possibility that PMA stimulates alpha cell exocytosis by increased Ca 2+ channel activity, we measured whole cell Ca 2+ currents in response to depolarisations from the holding membrane potential −70 mV to membrane potentials ranging from −60 to +50 mV. However, no effect of PMA on the peak current amplitude was observed (Fig. 2d) .
Treatment with BIM suppresses pancreatic alpha cell exocytosis We next compared exocytosis in mouse alpha cells in the absence and presence of the PKC antagonist, BIM. In the majority of cells investigated (six out of nine cells), BIM reduced exocytosis evoked by a train of depolarisations (Fig. 3a) . In these six cells, the total capacitance increase evoked by the train decreased from 138±15 fF under control condition to 59±10 fF (n=6; p< 0.05) (Fig. 3b) in the presence of BIM. Further analysis (see above) revealed that BIM reduced RRP by around 60% (p< 0.05) (Fig. 3b) and the capacitance response reflecting refilling by around 40% (p<0.05) (Fig. 3b) . BIM did not affect exocytosis in the remaining three cells, in which exocytosis had already been low under control conditions (Fig. 3c) .
We also measured whole cell Ca 2+ currents in the presence and absence of BIM (Fig. 3d) . In eight cells, the Ca 2+ current was inhibited by about 30% (p<0.01).
Expression of genes encoding PKC isoforms in mouse and human islets We investigated the gene expression pattern of different PKC isoforms in mouse and human pancreatic islets using quantitative real-time PCR (Fig. 4) . Genes encoding classical PKC isoforms (PKCα, PKCβ1) were the most highly expressed in mouse, whereas those encoding the novel (PKCδ, PKCε, PKCη, PKCθ) and atypical PKC (PKCι, PKCζ) isoforms were more abundant in human islets. Due to the extremely low expression of PKCβ1(also known as PRKCB or PRKCB1) in human islets, we selected PKCα for further analysis of activation and translocation of classical PKC isoforms in alpha cells. Among the novel PKC isoforms, PKCδ and PKCε were highly abundant in both species and have been described as being involved in exocytosis [28, 37] . We opted for PKCδ in our further study, since PKCε staining showed very low levels by confocal immunocytochemistry in mouse alpha cells (data not shown).
PMA-and Ca
2+ -dependent translocation of PKCα in mouse and human alpha cells The distribution of PKCα was analysed by confocal microscopy on single mouse and human alpha cells exposed to 1 mmol/l glucose (Figs 5 and 6), i.e. conditions associated with a high rate of glucagon secretion (Fig. 1) . The identity of the alpha cells was established by immunoreactivity for glucagon. The translocation of PKC isoforms was quantified by calculating the ratio of the fluorescent intensity in the vicinity of the plasma membrane (within a distance of 0.5 μm to the plasma membrane, I 1 ) to that in the inner cytosolic area (I 2 ) as illustrated in Fig. 5c (details, see Methods).
In the absence of PMA, PKCα was located in the vicinity of the plasma membrane in about 90% of the mouse alpha cells (Fig. 5a, d ), while only a few cells displayed cytosolic localisation (data not shown). This pattern did not change following stimulation with PMA (Fig. 5a, d) .
Previous studies have shown that PKCα is Ca 2+ -sensitive [38] . To determine whether the association of PKCα with the plasma membrane observed in the presence of 1 mmol/l glucose alone is Ca 2+ -dependent, we treated mouse pancreatic cells with 400 μmol/l of the K ATPchannel opener diazoxide or 2 μmol/l of the L-type Ca 2+ channel inhibitor, isradipine, in the absence and presence of 1 μmol/l PMA. Confocal microscopy showed that exposure to diazoxide caused a re-distribution of PKCα from the cell membrane to the cytosol and decreased the ratio (I 1 /I 2 ) by 50% (p<0.001) (Fig. 5b, d ). In the presence of isradipine, the reduction of the ratio was 45% compared with control (p<0.001) (Fig. 5b, d) . Thus, the re-distribution to the cytosol by diazoxide can almost entirely be attributed to inhibition of Ca 2+ entry via L-type Ca 2+ channels. The isradipine-induced redistribution of PKCα was counter- acted when the cells were simultaneously exposed to PMA (Fig. 5b, d) . The latter experiment demonstrates that the translocation of PKCα to the plasma membrane can be triggered independently, either by increased Ca 2+ influx through L-type Ca 2+ channels or by activation of PKC by PMA.
In contrast to the situation in mouse, PKCα in human alpha cells principally located to the cytosol in the absence of PMA (Fig. 6a, c) . PMA treatment translocated PKCα from the cytosol towards the cell periphery and the I 1 /I 2 ratio increased around twofold (p<0.001). The distribution of PKCα in human alpha cells was not affected by diazoxide or isradipine (Fig. 6b, c) , and PMA remained capable of triggering the translocation of PKCα in the presence of isradipine (Fig. 6b, c) .
Translocation and distribution of PKCδ in mouse and human alpha cells The distribution of PKCδ in the presence of 1 mmol/l glucose alone was cytosolic in mouse ( Fig. 7) and human alpha cells (Fig. 8) . PMA stimulated translocation of PKCδ from the cytosol towards the plasma membrane, and I 1 /I 2 ratio increased 1.5-fold in mouse (p< 0.01) (Fig. 7a, c) and twofold in human alpha cells (p< 0.001) (Fig. 7a, c) .
Although PKCδ, unlike the conventional PKCs, does not have a Ca 2+ -sensing C2 domain, we examined the impact of diazoxide and isradipine in the presence or absence of PMA stimulation on the distribution of this isoenzyme (Figs 7 and 8) . Neither diazoxide nor isradipine changed the distribution of PKCδ in mouse (Fig. 7b, c) or human (Fig. 8b, c) alpha cells, suggesting that the translocation of PKCδ is Ca 2+ -independent. PMA stimulated PKCδ translocation towards the plasma membrane even in the presence of isradipine (Figs 7b, c, 8b, c) .
Discussion
Glucagon is released by regulated exocytosis initiated by an increase in intracellular Ca 2+ concentration [6, 13] . Protein phosphorylation by protein kinases such as PKC plays an important modulatory role in exocytosis in beta cells [39] and is known to augment exocytosis in a variety of diverse secretory cells [23-25, 39, 40] . Here we have investigated The PKC-activator, PMA, strongly stimulated glucagon secretion in mouse and human islets (Fig. 1) . This is in accordance with a previous report on rat islets [15] . Capacitance measurements confirmed the glucagon release data and showed that PMA enhanced depolarisation-evoked exocytosis fivefold without affecting the magnitude of the Ca 2+ current (Fig. 2a, d ). This is reminiscent of our previous observations in insulin-secreting beta cells [39] and suggests that PKC stimulates glucagon secretion at a late stage exerted at the level of exocytosis itself. Analysis of the responses to the individual depolarisations indicates that PMA increased the size and refilling of RRP, and that BIM had the opposite effects. Thus, PKC activation exerts a dual role. This is in agreement with earlier studies on chromaffin cells [36, 41] . Munc-18 is one of the central proteins involved at several levels in the exocytotic process [30] and has been shown to be phosphorylated by PKC [32] . Indeed, all our data on alpha cells are consistent with a scenario in which PKC-dependent phosphorylation of munc-18 promotes fusion, priming and docking of granules.
BIM inhibits PKC activity by competitive binding to the ATP-binding site of the catalytic domain [42] . Our patchclamp measurements revealed that BIM, in addition to inhibiting depolarisation-evoked exocytosis by around 60% (Fig. 3a) , reduced the Ca 2+ current by 30% (Fig. 3d) . Thus, the reduced exocytotic response can be due to a combination of (1) direct inhibition of exocytosis as such and (2) reduction of Ca 2+ -induced exocytosis, which is secondary to inhibited Ca 2+ influx. It remains to be determined whether the effect of BIM on the Ca 2+ current is mediated by inactivation of PKC or is a direct inhibitory action of the compound on Ca 2+ channel activity. Indeed, it has been demonstrated that BIM directly (i.e. not through inhibition of PKC activity) reduces voltage-dependent K + -channel currents in other cell types [43, 44] . Interestingly, the changes in the magnitude of the Ca 2+ current were only obtained with BIM. In this context, we stress that PMA was without effect on the Ca 2+ current (Fig. 2d) . Thus, increased Ca 2+ current is not necessary for PMA-stimulated exocytosis, and once PKC is activated by PMA, translocation not only of PKCδ, but also of PKCα can occur independently of Ca 2+ influx (Figs 4b, 5b) . It has been shown that PKC increases its membrane affinity upon stimulation. Activation of PKC by diacylglycerol or PMA induces translocation of PKC from the cytoplasm to the plasma membrane [45] . Indeed, PKCδ translocated from cytosol to cell periphery upon PMA stimulation in mouse and human alpha cells (Figs 7 and 8 ). This re-distribution places PKCδ in close proximity to any downstream substrates involved in exocytosis. Our data indicate that translocation of PKCδ is Ca 2+ -independent, which is in agreement with a previous report that translocation of novel PKCs like PKCδ depends solely on binding of diacylglycerol to the C1 domains of PKCδ [46] . Interestingly, the translocation pattern of PKCα differs between mouse and human alpha cells. In mouse alpha cells, PKCα is preferentially located in the vicinity of the plasma membrane when exposed to glucose alone at concentrations as low as 1 mmol/l (Fig. 5a) , while activation by PMA was necessary for the translocation of PKCα to the cell membrane in human alpha cells (Fig. 6a) . This echoes the effect of BIM on glucagon secretion at 1 mmol/l glucose, which was only affected in mouse islets (Fig. 1b) . It is tempting to speculate that this is a reflection Fig. 5a , b, but performed on human samples. Scale bars 2 μm, representative images of 10 to 15 scanned fields are presented. c Quantification of the distribution of PKCα in human alpha cells. Ctrl, control; Dia, diazoxide; Isr, isradipine. ***p<0.001 vs control Fig. 7 Distribution of PKCδ in mouse alpha cells. a Confocal immunostaining of cells dispersed from single islets from mouse as in Fig. 5a , except that cells were labelled with antibodies against PKCδ (green) as indicated. b Treatment as in part a, but performed in the presence of 400 μmol/l diazoxide, 2 μmol/l isradipine or isradipine in combination with 1 μmol/l PMA as shown. Scale bars 2 μm; representative images of 10 to 15 scanned fields are presented. c Quantification of the distribution of PKCδ in mouse alpha cells. Ctrl, control; Dia, diazoxide; Isr, isradipine. ***p<0.001 vs control of PKCα being tonically activated in mouse alpha cells and thereby susceptible to inhibition by BIM. PKCα, which belongs to the classical PKCs, is activated by increased intracellular Ca 2+ and diacylglycerol [46] . In beta cells, glucose has been reported to produce a Ca 2+ -dependent translocation of classical PKCs to the plasma membrane [29] . In mouse alpha cells, we attribute the near-plasma membrane localisation of PKCα in the absence of PMA to the high [Ca 2+ ] i resulting from Ca 2+ influx through Ca 2+ channels, which are activated during the action potentials generated at low glucose. This scenario is suggested by the redistribution of PKCα to the cytosolic region in cells exposed to diazoxide or isradipine (Fig. 5b) . We demonstrated that Ca 2+ influx through the L-type Ca 2+ channel is the major source (90%) responsible for the Ca 2+ -dependent translocation of PKCα, while only 10% of the translocation is due to Ca 2+ influx through other channels. We can only speculate about why this does not occur in human alpha cells, but it may be pertinent that distribution of PKCα is less peripheral in human than in mouse alpha cells (Figs 5 and 6 ). It is possible that in human alpha cells, the intracellular Ca 2+ concentration is lower than in mouse alpha cells [47, 48] , resulting in translocation of PKCα to the plasma membrane in a less Ca 2+ -dependent manner. This explanation would also account for the greater sensitivity to PMA.
Glucagon secretion and exocytosis in the pancreatic alpha cell triggered by low glucose alone is dependent on influx through the N-type Ca 2+ channel [14] . Although L-type Ca 2+ channels are not essential for exocytosis in alpha cells in the absence of high concentrations of cyclic AMP, the data presented here indicate that these channels mediate the Ca 2+ influx that induces the Ca 2+ -dependent translocation of PKCα to the plasma membrane. Thus, L-and N-type Ca 2+ channels fulfil different functions in the alpha cell (PKC translocation and exocytosis, respectively). We finally point out that elevation of intracellular cyclic AMP causes an interesting switch in Ca 2+ channel dependence and that in the presence of forskolin or adrenaline, L-type Ca 2+ channels account for most of the Ca 2+ entry involved in exocytosis [6] . Further studies are required to elucidate the interaction between cyclic AMP/PKA-and PKC-mediated effects on exocytosis, and how they depend on Ca 2+ influx and PKC translocation. Clearly, the control of alpha cell exocytosis is very complex, making it easy to envisage disturbances capable of causing defective regulation of glucagon secretion, which is a hallmark of type 2 diabetes [49] .
